ABSTRACT. Guided waves generated by Lead Zirconate Titanate (PZT) transducers are often used to detect structural damage for nondestructive evaluation (NDE) and structural health monitoring (SHM) applications. It is generally assumed that the surface-mounted PZT transducers are both undamaged and properly bonded to the host structure during usage. However, this assumption may not be valid, particularly under realistic operating conditions. In this study, a methodology for PZT transducer diagnosis is developed to identify abnormal transducers using linear reciprocity of guided wave propagation between pairs of surface-mounted transducers on metallic structures. The advantage of the proposed technique is that transducer bonding problems and PZT defects can be detected even when the system being monitored is subjected to varying operational, environmental or structural conditions. In addition, the complexity of the boundary conditions and the geometry of the structure do not affect performance. The effectiveness of this diagnostic technique is evaluated via numerical simulations and experiments with PZT transducers instrumented on an aluminum plate.
INTRODUCTION
Guided waves are being evaluated to detect defects for structural health monitoring (SHM) applications, and Lead Zirconate Titanate (PZT) transducers are widely used [1] . When such a transducer is used for SHM, it is generally assumed that the transducer is perfectly bonded to the structure and its bonding condition does not degrade throughout its service life. It is also assumed that the transducer itself does not experience any fractures or cracks. However, these assumptions may not be valid, particularly after the transducer has been in service for many years. In existing transducer diagnosis techniques such as electromechanical impedance methods [2] [3] [4] , transducer defects are often identified by comparing current data obtained from a potentially damaged transducer with past baseline data measured when the transducer was in pristine condition. However, a comparison between current data and baseline data can result in false alarms due to its susceptibility to operational and environmental variations.
In this study, a guided wave-based PZT diagnosis methodology is developed to identify transducer defects without using prior baseline data. This method can be easily applied to a spatially distributed PZT array [5] . The advantage of the proposed technique is that abnormal transducers that are operating in conjunction with intact transducers can be detected even when the system being monitored is subjected to varying operational and environmental conditions or varying structural conditions. To achieve this goal, the proposed diagnosis technique utilizes linear reciprocity of guided wave propagation between pairs of surface-bonded PZT transducers [6] . If two PZT transducers are said to be identical, it is implied that not only do their PZT elements have the same properties, but their sizes and bonding conditions are also identical. If one PZT transducer is used as an actuator and a second identical transducer as a sensor, and vice versa, the two measured time responses between them are identical because of the reciprocity theorem for a linear system. However, if two PZT transducers are not identical because of PZT cracking, there is an amplitude difference between the two time responses to conserve the energy transmission ratio, which should satisfy the reciprocity theorem [7] . Or if two PZT transducers are not identical due to PZT debonding, there is a difference between the two time responses because the vibration of the debonded PZT area and the bad coupling with the structure disturb the actuation and sensing between the two PZT transducers. Consequently, the reciprocity theorem is no longer valid. The proposed technique can identify the abnormal PZT transducer pair by comparing the two measured time responses.
THEORETICAL BACKGROUND
Based on theory for selective Lamb wave mode excitation [8, 9] 
The density, thickness and Lamé constants of the material are U d O and P, respectively.
The thickness, Young's modulus and xz-directional piezoelectric constant of the PZT are h, Y p and g 31 , respectively. The superscripts or subscripts S and A denote the symmetric and antisymmetric Lamb modes, respectively. The lengths of PZT A and PZT B are 2a and 2b, respectively. Here, signal V AB denotes the response signal measured at PZT B when the input signal is applied to PZT A. Signal V BA , is defined in a similar manner. If PZT A and PZT B have the same transducer size (a = b) and the same bonding condition, the output responses, V AB and V BA , are also identical as shown in Eqs. (1) and (2). On the other hand, if one of the PZT transducers has a crack (a b), the output responses, V AB and V BA , show only an amplitude difference. The debonded PZT transducer has a different bonded area compared with the intact PZT transducer, which affects the output responses. In the case of the intact PZT actuator and the debonded PZT sensor, it can be assumed that the given input energy is identical to the case of the intact PZT actuator and sensor. However, in the case of the debonded PZT actuator and the intact PZT sensor, the input energy is smaller than that of the former case due to the bad coupling of the debonded PZT actuator with the structure. The corresponding signals V AB and V BA can be expressed as,
where 2b is the bonded PZT length of the debonded PZT B. The coefficients N AB and N BA capture the effect of poor coupling to the host structure within signals V AB and V BA , respectively, due to a debonding defect of PZT B. Note that normally the debonded PZT actuator (transmitter) results in a more significant amplitude reduction than the debonded PZT sensor (receiver); that is, N BA < N AB .
SIMULATIONS
For numerical simulations, a 2D aluminum plate of 1200 mm × 3 mm was considered under the plain strain assumption as shown in Figure 1 . The thickness of the adhesive layer was assumed to be 0.1 mm for the numerical simulations. Two PZT transducers were attached on the top surface of the plate. A 150 kHz toneburst input signal of ±10V was applied to the top electrode of one of the PZT transducers. The corresponding output signal was measured with the other PZT transducer. Note that the maximum mesh size was 1 mm by 1 mm, and the sampling rate was 10 MHz. 
EXPERIMENTS

Single PZT Pair
The dimensions of the aluminum plate used in this study were 455 mm × 254 mm × 3 mm as shown in Figure 3 . Two rectangular PZTs of 15 mm × 15 mm × 0.5 mm were used (APC 850). Three different PZT transducer conditions were prepared in the same manner as in our previous work [10] . A piece of commercial Teflon tape was partially inserted between the PZT transducer and the plate to simulate PZT debonding. After the bonding layer was cured, the inserted tape was removed. The PZT transducer was subsequently cracked using a razor blade. Figure 3 (b) shows the overall experimental setup. The data acquisition system consisted of a controller, an arbitrary waveform generator, a multiplexer, a digitizer and a low noise preamplifier. The data acquisition system was controlled by a commercial software program, LabVIEW. A 150 kHz toneburst signal with an amplitude of ±10V was generated with a resolution of 16-bits and a sampling rate of 100 MHz sampling rate. This signal was applied to PZT A or PZT B through the multiplexer. The output signal was filtered and amplified 40dB by the preamplifier, and then digitized at 14 bits and 100 MHz. Ten signals were averaged to improve the signal-to-noise ratio.
According to linear reciprocity, the two time response signals measured between two identical PZT transducers (PZT A and PZT B) are identical as shown in Figure 4 
Six Element PZT Array
Here, the reciprocity-based PZT diagnosis concept is applied to a spatially distributed PZT array under varying temperatures and various damage conditions. Six PZT discs of 12.7 mm diameter and 0.83 mm thickness were attached to an aluminum plate 610 mm × 610 mm × 3.175 mm, and the same data acquisition system was used. To quantitatively compare the signals between the two PZTs and automatically identify the abnormal PZT(s), an error index (E rms ) and a PZT damage classifier (F) are calculated:
, min
where V ij (t) and V ji (t) are the measured signals between the ith and jth PZTs. 
Calculate the E
rms value for each pair (15 E rms values for six PZTs).
3. Find the minimum E rms value (F) among the computed E rms values that are associated with a specific PZT. Repeat for each PZT (6 F values, one for each of the six PZTs).
4. Detect the outlier(s) among the F values using the pre-determined threshold level and identify the abnormal PZT(s).
First, the feasibility of the proposed method was demonstrated for a single damaged PZT (PZT #5) under three different temperature conditions (15/22/38 °C). Similar to the previous experiments, the condition of PZT #5 was changed from "intact" to either the "cracked" or "debonded" condition. Note that the threshold level (F F ) was determined using a conventional 3-ı analysis of the data from the undamaged PZT obtained at 22 °C [11] :
where F and F V are the mean and standard deviation of the F values. These experimental results show that the proposed method is effective under varying temperatures. Next, the proposed method was applied to various PZT damage cases as shown in Figure 6 . Instead of creating actual damage, damage was simulated by adding various sized capacitors in parallel with the PZTs. A PZT transducer can be modeled by an equivalent electrical circuit, which consists of a capacitor and a voltage source [12] , and the capacitance of the PZT depends on the PZT size. Therefore, adding a capacitor in parallel can be expected to simulate a PZT size change such as might result from a cracked PZT. As shown in Figures 6(a) through 6(d) , the proposed classifier correctly identified the damaged PZT(s) for up to four of the six being damaged. Figure 6 (f) shows that the proposed method can also detect a totally disconnected condition. However, Figure 6 (e) shows the limitations of the proposed classifier under the extreme conditions of all PZTs being damaged except for one. First, since the error index is based on the comparison of two signals, an undamaged PZT can be identified as damaged if there is not a good pair. Also, if two PZTs have similar damage states, the F values for both PZTs can be lower than the threshold level as shown in Figure 6 (e). This extreme situation is unlikely to be a practical limitation.
CONCLUSIONS
In this study, a methodology of guided wave-based transducer diagnosis is proposed to detect transducer defects without any direct comparison to baseline data. The proposed diagnosis technique is based upon linear reciprocity of guided wave propagation between a pair of identical surface-mounted PZT transducers. This methodology is suitable for a spatially distributed PZT array where all possible pair combinations are considered. The main advantage of the proposed technique is its effectiveness under varying operational, environmental and structural conditions. Also, neither geometrical complexity nor edge reflections affect its performance. The applicability of the proposed technique was successfully verified through experimental tests using rectangular and circular PZT transducers implemented on an aluminum plate under varying temperatures.
